The evolution of class V POU domain transcription factors in vertebrates and their characterisation in a marsupial  by Frankenberg, Stephen et al.
Developmental Biology 337 (2010) 162–170
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyEvolution of Developmental Control Mechanisms
The evolution of class V POU domain transcription factors in vertebrates and their
characterisation in a marsupial
Stephen Frankenberg ⁎, Andrew Pask 1, Marilyn B. Renfree
Department of Zoology, University of Melbourne, 3010, Victoria, Australia⁎ Corresponding author.
E-mail address: srfr@unimelb.edu.au (S. Frankenber
1 Present address: Department of Molecular and Cell
Connecticut, Storrs, CT 06269, USA.
0012-1606/$ – see front matter © 2009 Elsevier Inc. A
doi:10.1016/j.ydbio.2009.10.017a b s t r a c ta r t i c l e i n f oArticle history:
Received for publication 31 May 2009
Revised 7 October 2009
Accepted 8 October 2009
Available online 19 October 2009
Keywords:
POU5F1
POU2
Pluripotency
Tammar wallaby
Platypus
Germ cellsPOU5F1 (OCT4) encodes a master regulator of pluripotency that is present in all mammals. A paralogue,
POU2, is also present in the genomes of marsupials and monotremes and is an orthologue of zebraﬁsh pou2
and chicken POUV. We explored the evolution of class V POU domain transcription factors and show that
POU5F1 arose by gene duplication of pou2 early in the evolution of tetrapods and is not mammal-speciﬁc,
as previously thought. Instead, either POU5F1 or POU2/POUV has become extinct independently in various
lineages, although all gnathostomes appear to possess at least one or the other. In the tammar wallaby,
POU5F1 expression is limited to pluripotent cell types (embryonic tissues and germ cells). POU2 is similarly
expressed in pluripotent tissues but is also expressed in a broad range of adult tissues. Thus, unlike POU5F1,
the role of POU2 may not be restricted to pluripotent cell types but could have a related function such as
maintaining multipotency in adult stem cells.
© 2009 Elsevier Inc. All rights reserved.Introduction
Mammalian POU5F1, also known asOCT4 orOCT3/4, is a class V POU
family gene that encodes a master regulatory transcription factor
critical for themaintenance of pluripotency in embryonic stemcells, the
inner cell mass (ICM), epiblast, and germ cells (reviewed in Pesce and
Scholer, 2001). Pou5f1 is essential for the maintenance of pluripotency
in mouse embryonic stem (ES) cells (Niwa et al., 2000). In mouse
preimplantation conceptuses mutant for Pou5f1, inner cells fail to form
a normal inner cell mass (ICM) and instead divert to a trophectoderm
fate (Nichols et al., 1998). The role of Pou5f1 in ICM cell fate depends on
reciprocal inhibition with the trophectoderm-speciﬁc homeobox
transcription factor Cdx2 (Niwa et al., 2005). In the mouse, Pou5f1
also has an essential role later in development in maintenance of the
germ cell lineage (Kehler et al., 2004).
Orthologues of POU5F1 have been identiﬁed in a range of
mammalian species, including a marsupial (Frankenberg et al.,
2001) and amonotreme (Niwa et al., 2008). More distant homologues
have also been characterised in zebraﬁsh (pou2) (Takeda et al., 1994),
chicken (POUV) (Lavial et al., 2007), Xenopus (XOCT-25, XOCT-60,
XOCT-91) (Hinkley et al., 1992; Snir et al., 2006), and axolotl (Ax-Oct4)
(Bachvarova et al., 2004). Zebraﬁsh mutant for zygotic pou2 exhibit a
phenotype in the developing hindbrain, while those mutant for both
maternal and zygotic pou2 exhibit a much earlier phenotype ing).
ular Biology, The University of
ll rights reserved.pregastrula stages (Belting et al., 2001; Burgess et al., 2002). This
phenotype, its early expression pattern, and an apparent conservation
in the synteny of proximal genes led the latter authors to conclude
that pou2 and POU5F1 are orthologues. However, pou2 and POU5F1
each have orthologues in the genomes of both marsupial and
monotreme mammals, demonstrating a paralogous relationship
(Niwa et al., 2005). This ﬁnding is intriguing because it suggests
that the distinct functions of both zebraﬁsh pou2 and mammalian
POU5F1 are conserved in marsupials andmonotremes. Understanding
these functions is likely to show how developmental mechanisms
controlling pluripotency and lineage speciﬁcation have evolved
during vertebrate evolution.
In this study, we investigated the origins of class V POU genes in
vertebrates by comparative genomic analyses. Our results support an
earlier origin for POU5F1 during vertebrate evolution than previously
thought. In addition, we have identiﬁed and characterised ortholo-
gues of POU5F1 and POU2 in the genome of a marsupial, the tammar
wallaby (Macropus eugenii). Full-length coding sequences of tammar
POU5F1 and POU2 cDNAs were cloned and their expression examined
by RT–PCR and whole-mount in situ hybridisation. We identiﬁed
differences in the expression patterns of these genes that will help to
elucidate their respective roles during vertebrate evolution.
Materials and methods
Bioinformatics
Sequence searches were primarily performed using the BLAT
search engine on the UCSC Genome Bioinformatics website (http://
163S. Frankenberg et al. / Developmental Biology 337 (2010) 162–170www.genome.ucsc.edu/). Sequence searches of the M. eugenii whole
genomic shotgun (WGS) trace archives were performed using BLASTn
and tBLASTn (http://www.ncbi.nlm.nih.gov/). Tammar contigs were
assembled using CAP3 (http://pbil.univ-lyon1.fr/cap3.php). Multi-
sequence alignments were performed using ClustalW in the MacVec-
tor software package. Analyses of genomic upstream sequences were
performed using Mulan (http://mulan.dcode.org/).
Animals
Tammar tissues and conceptuses were obtained as previously
described (Hickford et al., 2008; Renfree and Tyndale-Biscoe, 1978).
Pouch young less than 40 days old were cooled and killed by
decapitation; older young, by an overdose of pentobarbitone,
subcutaneously. All experiments were approved by the University of
Melbourne Animal Experimentation Ethics Committees and all animal
handling and husbandry were in accordance with the National Health
and Medical Research Council of Australia (2004) guidelines. Animals
were held under permits from the Victorian Department of Sustain-
ability and Environment.
Conceptuses, tissues, and RNA extraction
Conceptuses were ﬂushed from the uterus in phosphate-buffered
saline (PBS) and ﬁxed directly in 4% paraformaldehyde in PBS. Other
tissues were ﬁxed in 4% paraformaldehyde or snap frozen in liquid
nitrogen for RNA. Total RNA was extracted from tissues using TRI
Reagent (Ambion). Total RNA from an early node-stage gastrula
obtained from the wild (equivalent to approximately day 14–15 after
removal of pouch young) was a gift from Dr. D. Hickford in our
laboratory.
RT–PCR and cloning
cDNA was ampliﬁed from RNA extracted using the Clontech
SMART PCR cDNA synthesis kit according to the manufacturer's
instructions. Full coding sequences of POU5F1 and POU2 cDNA were
PCR-ampliﬁed using ExTaq Polymerase (Takara) and the above
ampliﬁed gastrula-stage cDNA as template. Primers sequences were
as follows: POU5F1-forward – TGTCCCCTTTGCTCTCAGTCCTTAATAC;
POU5F1-reverse – TTAATCGTGCAACTCCCAGACCTTAAAC; POU2-for-
ward – ACTTCAGCCTGGGCCAGGGCACG; POU2-reverse – GAGCCCC-
CAGTGAGTTCCTAGAATG. PCR products were cloned into pGEM-T-
Easy (Promega) and sequenced.
For RT–PCR expression studies of adult tissues, oligo-dT-primed
ﬁrst-strand cDNA was reverse transcribed from 2 μL of total RNA in a
5-μL reaction using Superscript III (Invitrogen) according to the
manufacturer's instructions and diluted 1:5 with Tris–EDTA (pH 8.0)
buffer. The amount of 0.5 μL of template was used per 10-μL PCR. For
shorter fragments (POU5F1 and GAPDH), GoTaq Green (Promega) was
used according to the manufacturer's instructions. To distinguish
splice variants of full-length POU2, ExTaq Polymerase (Takara) was
used according to the manufacturer's instructions. PCRs consisted of
1 minute of denaturation at 95 °C followed by 35 cycles of 20 seconds
at 95 °C, 20 seconds at 60 °C, and 1 minute at 72 °C. Primer sequences
were as follows: POU5F1-foward – CCAGACCACCATCTGTCGCTTTG;
POU5F1-reverse – TTAATCGTGCAACTCCCAGACCTTAAAC; POU2-for-
ward – ACTTCAGCCTGGGCCAGGGCACG; POU2-reverse – GAGCCCC-
CAGTGAGTTCCTAGAATG; GAPDH-forward – CCTACTCCCAATGTATCT
GTTGTGG; GAPDH-reverse – GGTGGAACTCCTTTTTTGACTGG.
In situ hybridisation
Prior to processing for whole-mount in situ hybridisation, ﬁxed day
20 pouch young testis was cut into approximately 20 small pieces.
Embryos were excised from the yolk sac, retaining a margin ofextraembryonic tissue around the perimeter of the embryo. Template
for probe synthesis was generated by PCR, using T7- and SP6-speciﬁc
primers and plasmid as template. The PCR product was then puriﬁed
using QIAGEN PCR puriﬁcation columns and used as template for in
vitro transcription of digoxygenin-UTP-labeled antisense and sense
probes.Whole-mount in situ hybridisationwas performed as described
by Wilkinson and Nieto (1993). After in situ hybridisation, samples
were embedded in O.C.T. Compound (Tissue-Tek), cryosectioned, and
counterstained with Nuclear Fast Red for photomicrography.
Results
The presence of POU5F1 and POU2 varies among vertebrate lineages
To determine the origins of class V POU family transcription factors
in vertebrates, we performed BLAST searches of genomic databases for
orthologues of mammalian POU5F1, zebraﬁsh pou2 and chicken
POUV, and compared these to known orthologues. No orthologues
were detected in lamprey, lancelet, or tunicate genomes. In most
higher taxa, at least one orthologue was identiﬁed, suggesting that
class V POU domain transcription factors originated during the
evolution of the gnathostomes. Orthologues of both POU5F1 and
POU2 were identiﬁed only in the platypus and grey short-tailed
opossum, as recently reported (Niwa et al., 2008), and in the tammar
wallaby. Alignment of predicted amino acid sequences of various
orthologues showed that they fell into two main cohorts according to
sequence similarity (Fig. 1): one characterised by mammalian POU5F1
and the other by zebraﬁsh pou2 and chicken POUV. Unexpectedly,
homologues from two non-mammalian species – AxOct-4 from axolotl
(hereafter also referred to as axolotl POU5F1) and assembled
sequence (hereafter referred to as lizard POU5F1) from the genome
of the Carolina anole (Anolis carolinensis) – showed stronger similarity
to the POU5F1 cohort.
Two particular sequence signatures provided compelling evidence
that axolotl and lizard POU5F1 represent orthologues of mammalian
POU5F1 and not pou2/POUV. First is the conserved sequence MAGH
at the N-terminus, which is absent in all putative pou2/POUV
orthologues (Fig. 1). Second is the deletion of a single arginine
residue within the POUS domain, indicated at position 418 in the
sequence alignment (Fig. 1). This is a modiﬁcation that is unlikely to
have occurred independently in separate lineages. The presence of
POU5F1 orthologues in non-mammalian vertebrates was unexpected
because POU5F1 was previously considered to be mammal-speciﬁc
(Burgess et al., 2002; Niwa et al., 2008). Birds and reptiles both occupy
a sister clade (Sauropsida) to mammals (Synapsida), yet we could not
ﬁnd any evidence of an orthologue of POU5F1 in the genomes of either
chicken or zebra ﬁnch. Similarly, the genome of the Xenopus, although
containing triplicated syntenic orthologues of pou2/POUV (Niwa et
al., 2008), appears not to contain an orthologue of POU5F1, despite
anurans (including Xenopus) and urodeles (including axolotl)
comprising a monophyletic clade (Amphibia).
As an additional veriﬁcation of the orthologous relationships
among class V POU genes, we compared the arrangement of genes at
orthologous loci among taxa. In both eutherians (including mouse
and human) and marsupials, POU5F1 is ﬂanked on one side by TCF19
and CCHCR1 (Fig. 2). In eutherians, POU5F1 is ﬂanked on the other
side by the major histocompatibility complex (MHC). The current
assembly of the Monodelphis genome (monDom5) also shows this
arrangement, although the available sequence data are not contig-
uous between POU5F1 and the MHC. Similarly, although there is a
lack of contiguity in the current lizard genome assembly at this locus,
synteny is at least conserved with respect to POU5F1, TCF19, and
CCHCR1 (Fig. 2), conﬁrming our conclusion (above) that lizard
POU5F1 is an orthologue of mammalian POU5F1. We were unable to
provide a similar veriﬁcation for axolotl POU5F1 due to a lack of
axolotl genomic sequence data.
Fig. 1. Alignment of predicted amino acid sequences of selected class V POU domain transcription factors. The region of highest sequence conservation (shaded residues) corresponds largely to the DNA-binding POU domain. Homologues are
arranged into two cohorts: POU5F1-like (above the line) and POU2-like (below the line). Two sequence signatures that clearly distinguish the POU5F1-like cohort are boxed in red: the N-terminal sequence MAHG and the arginine deletion at
position 418. A tyrosine- and tryptophan-rich motif conserved among three POU2 orthologues is also boxed at positions 201-215. Exon boundaries are marked by T-shaped symbols, but these are only putative for Axolotl POU5F1 and chicken
POUV, for which only cDNA sequences are available. Translations are derived from the following GenBank sequence sources: mouse Pou5f1 – NM_013633; tammar POU5F1 – FJ998419; lizard POU5F1 – assembled by joining
AAWZ01005246.1, nucleotides 14061–13450 (exon 1) and 303–195 (exon 2), and AAWZ01005245.1, nucleotides 50526–50396 (exon 3), 48908–48747 (exon 4), and 47223–46948 (exon 5); axolotl AxOct-4 – AY542376; chicken POUV –
NM_001110178; tammar POU2 – FJ998420; Xenopus laevis OCT25 – NM_001086363: zebraﬁsh pou2 – NM_131112.
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Fig. 2. Comparison of orthologous loci among vertebrates. The location of POU2 orthologues (blue arrowheads) between NPDC1 and FUT7 is conserved among all vertebrates in
which genomic data is sufﬁciently complete with the exception of eutherian mammals (represented by mouse), in which no remnants of POU2 are detectable (broken arrowhead).
The lizard genome assembly is not sufﬁciently complete to determine synteny of these genes, but no POU2 orthologue was found. Synteny of POU5F1 (red arrowhead) with TCF19 is
conserved in all mammals as well as lizard, conﬁrming that these genes are orthologous.
Table 1
Percentage amino acid composition of exon 1 in a sample of vertebrate POU class V
transcription factor homologues.
Exon 1: total
amino acids
Exon 1: amino acid composition (%)
Nonpolar Polar Acidic Basic
Mouse Pou5f1 128 43.7 39.1 12.5 4.7
Tammar POU5F1 120 44.2 38.3 13.3 4.2
Lizard POU5F1 204 42.6 41.7 8.8 6.9
Axolotl AxOct-4 182 41.2 39.0 11.0 8.8
Tammar POU2 225 36.9 49.8 7.6 5.8
Chicken POUV 76 36.9 36.8 1.3 25.0
Xenopus OCT25 227 37.4 47.1 9.7 5.7
Zebraﬁsh Pou2 249 40.2 44.6 8.8 6.4
Chicken POUV differs substantially from other homologues with respect to acidic and
basic amino acid composition and overall length (shown in bold).
165S. Frankenberg et al. / Developmental Biology 337 (2010) 162–170In zebraﬁsh, pou2 is ﬂanked by orthologues of mammalian NPDC1
and FUT7, which are adjacent to each other in eutherian genomes
(Fig. 2). In opossum, POU2 is also located between NPDC1 and FUT7,
reﬂecting the ancestral condition, but we were unable to detect
remnants of POU2 at this location in any eutherian genome. The
current assemblies of both the chicken (galGal3) and zebra ﬁnch
(taeGut1) genomes also place POUV between NPDC1 and FUT7,
although in neither assembly is the sequence contiguous between
POUV and either ﬂanking gene. However, we were unable to detect
orthologues of any genes ﬂanking mammalian POU5F1 in either the
chicken or zebra ﬁnch genomes, suggesting that the placement of
avian POUV betweenNPDC1 and FUT7 is correct. A putative orthologue
of NPDC1, but not FUT7, was detected in the lizard genome, but
discontinuity in the current assembly (anoCar1) did not allow
ﬂanking genes to be determined. Nevertheless, it appears likely that
no orthologue of pou2/POUV is present in the lizard genome.
Amino acid sequences of POU domain transcription factors are poorly
conserved outside the POU domain
The ﬁve-exon structure of murine Pou5f1 is conserved in all the
vertebrate orthologues of POU5F1 and pou2 analysed (Fig. 1). High
amino acid sequence conservation is found in the DNA-binding POU
domain, which is encoded by exons 2–4 and the ﬁrst part of exon 5.
The rest of the C-terminal region, encoded by the remainder of exon 5,
shows low-sequence conservation but is relatively uniform in
sequence length (Fig. 1).
The N-terminal domain, encoded by exon 1, is highly divergent
among all homologues (Fig. 1). In addition to the MAGH N-terminal
motif speciﬁc to POU5F1 orthologues mentioned above, a conserved
tyrosine- and tryptophan-rich motif (positions 201–216 of the
alignment; Fig. 1) was identiﬁed in all POU2 orthologues except
chicken POUV. Analysis of relative amino acid composition also
showed that chicken POUV differs markedly from the other POU2
orthologues in exon 1, with a comparatively high percentage of acidic
amino acids and low percentage of basic amino acids (Table 1). In
addition, exon 1 of chicken POUV encodes relatively few proline
residues (5.3%) and no tyrosine residues, compared with the otherPOU2 orthologues (11.3–15.1% and 2.6–3.6%), and is substantially
shorter in length (Table 1). We thus consider it possible that exon 1 of
avian POUV is not homologous to exon 1 of other POU2 orthologues
but instead arose independently.
The CR4 regulatory region is conserved in marsupial and monotreme
POU5F1
An autoregulatory element (ARE) in the distal enhancer of Pou5f1
contains an Oct–Sox binding site that is involved in the speciﬁcation of
pluriblast and trophoblast lineages by competitive interactions
between Pou5f1 and Cdx2 (Niwa et al., 2005; Okumura-Nakanishi
et al., 2005). The ARE is located in the CR4 upstream regulatory re-
gion, which is conserved among eutherian orthologues of POU5F1
(Nordhoff et al., 2001). It was recently reported that the Oct–Sox
binding site is not conserved in the CR4 of platypus POU5F1, sug-
gesting that interactions between POU5F1 and CDX2 are not involved
in early lineage speciﬁcation in monotremes (Niwa et al., 2008). To
examine this further, we aligned upstream sequences of human,
mouse, tammar and platypus POU5F1 orthologues. Sequences homo-
logous to human and mouse CR4 were identiﬁed in the upstream
regions of tammar and platypus POU5F1, respectively. Unexpectedly,
Fig. 3. Alignment of CR4 sequences from human, mouse, tammar, and platypus. The ﬁrst nucleotide of the human, mouse, and platypus sequences represent 2105 bp, 2605 bp, and
3411 bp upstream of the translation initiation codon, respectively. Predicted Smad, Oct–Sox, and Sp1 binding sites and the conserved 2A element of the distal enhancer are boxed.
The ﬁrst nucleotide of the tammar sequence represents position 257 of GenBank accession ABQO011131331.
166 S. Frankenberg et al. / Developmental Biology 337 (2010) 162–170the latter was about 150 bp upstream of the sequence identiﬁed as
platypus CR4 by Niwa et al. (2008), suggesting a possible ancestral
duplication of this region. Signiﬁcantly, the Oct–Sox binding site was
highly conserved in both tammar and platypus sequences (Fig. 3),
suggesting that the ARE is functional in both species. This is in contrast
to the CR4-like sequence identiﬁed by Niwa et al (2008), in which the
Oct–Sox binding site is not conserved. Of further note is a putative
Smad binding site adjacent to the Oct–Sox site (Fig. 3) that may
indicate a conserved role for Smad signaling in regulation of POU5F1.
Full-length tammar POU5F1 and POU2 transcripts have a 5-exon splicing
arrangement similar to known orthologues
Since eutherian POU5F1, zebraﬁsh Pou2 and chicken POUV have
all been implicated in the maintenance of pluripotency during
development, we sought to characterise POU5F1 and POU2 in the
tammar wallaby to investigate possible overlapping roles of these
paralogues within the same species. cDNAs spanning the full coding
region of both POU5F1 and POU2 were cloned by RT–PCR from whole
node-stage gastrula RNA. Comparison of both tammar POU5F1
(GenBank accession 1215043) and POU2 (GenBank accession
1215053) cDNA sequences to assembled tammar genomic sequences
showed a 5-exon splicing arrangement comparable to that of euthe-
rian POU5F1. No alternative splicing arrangements were detected for
tammar POU5F1. However, several independent clones of tammar
POU2 cDNA revealed a splice variant in which exon 4 is omitted,
while an additional clone had both exon 4 and a region within exon
1 omitted (Fig. 4). The latter results from repeated sequences within
exon 1 functioning as non-canonical splice donor and acceptor sites
(Fig. 4).
Tammar POU5F1 and POU2 show pluripotent cell-speciﬁc expression
during development
Marsupial POU5F1 is expressed in pluripotent cell types, includ-
ing oocytes, proliferating oogonia, and a gastrula-stage embryo
(Frankenberg et al., 2001). We further examined the expression of
POU5F1 as well as POU2 in multiple tissues of the tammar wallaby.
In the developing testis cords of a day 20 pouch young, POU5F1
showed strong expression by whole-mount in situ hybridisation in
germ cells (Figs. 5A and A′). By contrast, expression of POU2 was not
detectable by in situ hybridisation above background levels (Figs. 5B,
B′, C, and C′). In the early primitive streak-stage conceptus, POU2was
expressed heterogenously throughout the embryonic disc but not
within the extraembryonic region (Fig. 5D). POU2-expressing cells
were especially prevalent within the region of the streak. In a later
primitive streak-stage conceptus, POU2 expression was more uniform
throughout the embryonic region and still absent from the extraem-bryonic region (Fig. 5E). Sectioning showed that this expression is
speciﬁc to the epiblast layer (Fig. 5E, inset). Thus, marsupial POU2
expression is associated with pluripotent cells of the gastrula, similar
to marsupial POU5F1 (Frankenberg et al., 2001). We also found strong
POU5F1 expression in migrating germ cells occupying the extraem-
bryonic tissues of an 18-somite stage conceptus (Fig. 5F) in a similar
location to the putative germ cells identiﬁed by alkaline phosphatase
staining (Ullmann et al., 1997). Expression of POU2 in migrating germ
cells was not able to be determined.
By RT–PCR, POU5F1 expression was detected in an early node-
stage gastrula, day 19 pouch young ovary, adult ovary, and adult testis
and undetectable in a broad range of other adult tissues (Fig. 6). By
contrast, POU2 transcripts were readily detected in all adult tissues
tested, as well as in the gastrula and day 19 pouch young ovary
(Fig. 6). This indicates that, unlike eutherian and marsupial POU5F1,
tammar POU2 expression is not restricted to pluripotent cells. The
shorter splice variant lacking exon 4 was detected as an additional
fainter band in all tissues with the exception of day 19 pouch young
ovary, in which it was the only splice variant detected (Fig. 6).
Discussion
POU5F1 is tetrapod-speciﬁc
A paralogous rather than orthologous relationship between
mammalian POU5F1 and zebraﬁsh pou2 and chicken POUV was
recently demonstrated by Niwa et al. (2008). We have extended this
conclusion by showing that POU5F1 emerged at least as early as the
common ancestor of amphibians and amniotes (summarised in
Fig. 7). Moreover, both genes must have been retained in amphibians
until at least the anuran–urodele split, followed by loss of POU5F1 in
anurans and POU2 in urodeles. Similarly, the presence of a POU5F1
orthologue in the lizard A. carolinensis and pou2/POUV orthologues in
chicken and zebra ﬁnch indicate that both POU5F1 and pou2/POUV
must have been retained in the last common ancestor of birds and
squamate reptiles, with subsequent loss of POU5F1 or pou2/POUV in
each of these lineages, respectively. In the mammalian lineage, both
genes were also retained until at least the last common ancestor of
marsupials and eutherians, but only in the eutherian lineage was
POU2 lost.
We were able to detect only a single orthologue of pou2, but not of
POU5F1, in each of the genomes of at least four species of ﬁsh
(zebraﬁsh, fugu, medaka, and stickleback). However, all currently
relatively complete ﬁsh genome projects are of teleosts. The
coelacanth genome project, which is still in its early phase, is the
only genome project representing Sarcopterygian ﬁshes, from which
the tetrapod lineage arose. Completion of the coelacanth genome
should reveal conclusively whether POU5F1 originated early in
Fig. 4. Full coding sequence, translation and splice variants of tammar POU2. The full coding sequence and predicted translation (top) and exon structure of splice variants (bottom) of tammar POU2 are shown. The full-length transcript is
comprised of 5 exons (exon boundaries indicated in sequence by solid I-shaped symbols). A second splice variant lacks exon 4, while a third lacks Exon 4 and a region within exon 1 arising from non-canonical splice sites (indicated in the
sequence by broken I-shaped symbols).
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Fig. 5. In situ hybridisation of tammar POU5F1 and POU2.Whole-mount in situ hybridisation of pieces of day 20 pouch young testis (A–C). Strong expression of POU5F1 (A) and very
low or background levels of POU2 expression (B) compared with the negative control (C) were observed. A′–C′ show sections of tissues in A–C, respectively, counterstained with
Nuclear Fast Red. D and E show two successive primitive streak-stage embryos (anterior to left) stained for POU2 expression. A transverse section of the embryo in E (inset), through
approximately the level indicated by a bar, shows that expression (blue) is speciﬁc to the epiblast and absent in trophoblast, mesoderm and endoderm (arrow indicates epiblast–
trophoblast boundary). F shows the posterior part of an 18-somite stage embryo with staining for POU5F1 expression in primordial germ cells scattered at the boundary of the
embryonic area within the extraembryonic region. The boxed region contains approximately 20 stained primordial germ cells shown enlarged in the inset. This staining is absent in
the negative control of a similar stage (G). Scale of B and C same as A; scale of B′, C′, and inset of E same as A′; scale of G same as F.
168 S. Frankenberg et al. / Developmental Biology 337 (2010) 162–170Devonian ﬁshes. Thismay indeed be the case, as Johnson et al. (2003a)
have reported that a homologue isolated from lungﬁsh (a Sarcopter-
ygian) is more similar to mammalian POU5F1 than to Xenopus
homologues, although its sequence is yet to be published.
While the common ancestor of sauropsid amniotes (birds and
reptiles) must have retained both POU5F1 and pou2/POUV, a more
precise timing of the respective loss of one or the other gene among the
various sauropsid lineages awaits further genome sequencing. Avail-
able genomic sequence data are disproportionately scarce for the non-
therapsid amniotes. Despite over 60 currentmammal genome projects,
remarkably there are currently only three representing other amniotes
(Anolis, chicken, and zebra ﬁnch). A better picture of the evolution of
POU5F1 and pou2/POUV awaits genome sequencing of other reptiles.The Oct–Sox autoregulatory element of POU5F1 is conserved
in mammals
Recently, it was proposed that the emergence of POU5F1 was
coupled with evolution of the mammalian placenta (Niwa et al.,
2008). This hypothesis can no longer be supported given that
POU5F1 evolved before the origin of amniotes. Identiﬁcation of an
autoregulatory Oct–Sox binding element in the CR4 of both tammar
and platypus in this study suggests that CDX2 and POU5F1
reciprocal inhibition may regulate POUF51 expression in both
these species. Although the precise genomic fragment used by
Niwa et al. (2008) for functional assays of the platypus POU5F1
promoter was not speciﬁed, their schematic ﬁgure indicates that it
Fig. 7.Model depicting the evolution of class V POU domain genes in vertebrates. POU2
(blue) is the ancestral gene, which duplicated to produce POU5F1 (red) after the
divergence of the lineages giving rise to teleosts and tetrapods, respectively. POU2
became extinct (broken lines) independently in the lineages giving rise to lizards,
urodeles, and eutherian mammals, respectively, while POU5F1 became extinct in
lineages that led to birds and anurans, respectively.
Fig. 6. RT–PCR of tammar POU2 and POU5F1. Expression of tammar POU2, POU5F1, and GAPDH in various adult tissues, day 19 pouch young ovary, and node-stage gastrula. Primers
for POU2 were designed to ﬂank the full coding region; thus, the upper band represents the full-length transcript and the lower band represents the transcript lacking exon 4
(conﬁrmed by direct sequencing of gel-extracted bands). POU2 expression was detected broadly in adult tissues, day 19 pouch young ovary, and gastrula. By contrast, POU5F1
expression was only detected in adult ovary and testis, day 19 pouch young ovary, and gastrula. “−RT” denotes negative controls with omission of reverse transcriptase.
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could explain why the authors were unable to detect autoregulation
of platypus POU5F1. Thus, while it remains possible that the
evolution of interactions between POU5F1 and CDX2 was coupled
to the evolution of the mammalian trophoblast, it would be of great
interest to determine the pattern of CDX2 expression in the
extraembryonic ectoderm of marsupials, monotremes, and non-
mammalian amniotes.
Marsupial POU5F1 and POU2 are both expressed in pluripotent cell types
Our expression results for tammar POU5F1 are consistent with
those previously reported in another marsupial, the brushtail
possum (Frankenberg et al., 2001) and in the mouse (Okamoto et
al., 1990; Palmieri et al., 1994; Pesce et al., 1998; Rosner et al., 1990;
Scholer et al., 1989, 1990; Yeom et al., 1991). In the gastrula of both
marsupials and eutherians, POU5F1 expression is speciﬁcally
expressed in the epiblast and is downregulated in the other germ
layers and extraembryonic tissues. In the developing mammalian
gonads, POU5F1 is strongly expressed in premeiotic germ cells and
downregulated in postmeiotic germ cells (Frankenberg et al., 2001;
Pesce et al., 1998). We have additionally shown that marsupial
POU5F1 is strongly expressed in migratory germ cells, as in the
mouse. In zebraﬁsh, pou2 is not required for germ cell maintenance
(Lunde et al., 2004) but Pou5f1 is required for survival of mouse
germ cells (Kehler et al., 2004). This together with the high levels of
POU5F1 rather than POU2 in marsupial germ cells suggests that
germ cell maintenance is a function that speciﬁcally evolved in
POU5F1.
Axolotl POU5F1 (AxOct-4) is more similar to mammalian POU5F1
than to zebraﬁsh or Xenopus homologues (Bachvarova et al., 2004;
Johnson et al., 2003a). Johnson et al. (2003a) proposed that the
presence of a POU5F1 orthologue is associated with a regulative
mode of germ cell speciﬁcation, this representing the more primitive
condition (Extavour and Akam, 2003; Johnson et al., 2003b). Thus,
germ cell speciﬁcation by maternal determinants (“germ plasm”), as
observed in teleosts, anurans, and birds, is considered a derived
trait. Johnson et al. (2003b) also suggested that regulative germ cell
speciﬁcation in amniotes, as typiﬁed by the mouse, is associated
with localisation of primordial germ cells (PGCs) within the
posterior mesoderm, while speciﬁcation by germ plasm, as typiﬁed
by the chicken, is associated with an anterior localisation of PGCs. In
reptiles, both patterns of PGC distribution are observed among
families. PGC speciﬁcation has not been examined in Anolis (family
Polchrotidae), but in the closely related family Iguanidae, a posterior
distribution of PGCs has been reported, suggesting a mechanism
similar to that of the mouse (Johnson et al., 2003b). If this is also
true for Anolis, it would support the hypothesis that the presence of
POU5F1 is correlated with a regulative mode of germ cell
speciﬁcation.POU5F1 and POU2 may both regulate potency during early development
POU5F1 and POU2 have both been conserved over long stretches of
evolutionary time and in multiple lineages, suggesting strong
selective pressure for distinct functions of each gene. POU5F1 is
critical for themaintenance of pluripotency in embryonic stem cells in
eutherian mammals (Nichols et al., 1998) while chicken POUV has
similarly been shown to be essential for maintaining pluripotency in
chicken embryonic stem cells (Lavial et al., 2007), suggesting that
POU5F1 and POUV functionally overlap. However, opossum POU2
has a weak capacity to compensate for loss of endogenous Oct4 in
mouse ES cells, whereas platypus POU5F1 has a strong capacity (Niwa
et al., 2008). This suggests that in taxa in which both POU5F1 and
POU2 are present, their roles are distinct but partially overlapping.
Expression of marsupial POU2 in the epiblast of primitive streak-stage
conceptuses is comparable with that of POU5F1, suggesting roles in
germ layer speciﬁcation homologous to those of both mouse Pou5f1
and maternally expressed zebraﬁsh pou2. It is possible that the
redundancy (and hence extinction) of POU2 in eutherians relates to
their specialised mode of blastocyst formation. In eutherians, the
inner cell mass (ICM; or pluriblast) and trophoblast lineages segregate
from a solid ball of cells (the morula) via inside–outside positional
signals (Tarkowski and Wroblewska, 1967); thus, the newly formed
trophoblast completely encloses the ICM. In other amniote verte-
brates, including marsupials and monotremes, the pluriblast arises
within a disc of cells or epithelium (reviewed by Selwood and
Johnson, 2006). The role of zebraﬁsh pou2 in regulating cytoskeletal
properties of cells during epiboly (Lachnit et al., 2008; Reim and
Brand, 2006) may thus reﬂect a similar requirement for POU2 in other
170 S. Frankenberg et al. / Developmental Biology 337 (2010) 162–170vertebrates, and its loss may have facilitated, or been a result of, the
evolution of a novel mode of blastocyst formation in the eutherian
lineage. The broad expression proﬁle of tammar POU2 compared to
POU5F1 in adult somatic tissues is difﬁcult to explain but may suggest
an alternative or additional role for marsupial POU2 in non-
pluripotent cells. A possibility requiring further investigation is that
POU2 is involved in maintaining multipotency in adult stem cells in
marsupials. The prevalence of an alternatively spliced transcript
lacking exon 4, which encodes part of the DNA-binding home-
odomain, may also be signiﬁcant. In zebraﬁsh, an alternatively spliced
transcript encodes an isoform, t-Pou2, which is truncated within the
homeodomain (Takeda et al., 1994). Microinjection to eggs of
transcript encoding t-Pou2, but not Pou2, severely disrupted
gastrulation. Thus, the tammar variant lacking exon 4 may similarly
function antagonistically to the full-length protein.
This study revealed previously unreported evolutionary relation-
ships among class V POU domain transcription factors in vertebrates.
We have determined that POU5F1 is not mammal-speciﬁc, but arose
by duplication of POU2 prior to divergence of the amniote lineage
from amphibians – and possibly much earlier. Surprisingly, the
distribution of POU5F1 and POU2 orthologues among the genomes
of extant vertebrate taxa reveals a complex pattern of gene
extinction and conservation. In marsupials, both POU5F1 and POU2
show expression patterns compatible with roles in early cell lineage
speciﬁcation. Differences between POU2 and POU5F1 in expression
in premeiotic germ cells and adult tissues suggest divergence in
their function. Determining the distinct roles of POU5F1 and POU2
may elucidate how mechanisms of early germ layer speciﬁcation,
germ cell speciﬁcation, and/or neural patterning differ among
vertebrates and why these genes became extinct in certain lineages.
The presence of both POU5F1 and POU2 in a single genome provides
a unique model for understanding their evolution and loss in
different lineages.
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